ABSTRACT: This paper characterizes the temporal behavior of uplift force generated by turbulent pressure fluctuations in spillway stilling basins. Theoretical and experimental analyses are presented that define the magnitude and temporal evolution of the maximum uplift acting on the lining of such basins. Analyses for the dynamic behavior of anchored floor slabs are also investigated. It is concluded that the applicability of the equivalent thickness criterion based on the balance of the forces acting on the slabs in static condition is unsafe for anchored slabs, because this criterion yields an inadequate area for the anchor steel. The results lead to a recommendation to double the area of anchor steel as computed by the equivalent thickness criterion for the design of slabs in stilling basins.
INTRODUCTION
Severe pressure fluctuations associated with the energy dissipation in hydraulic jumps have been recognized as a cause of damage in some stilling basins [e.g., Bowers and Tsai (1969) and Sànchez Bribiesca and Capella Viscaìno (1973) ]. Considering these fluctuations, Fiorotto and Rinaldo (1992a) developed a design criterion based on the following sequence of events:
• Pulsating pressures damage the joint seal between slabs.
• Through these joint seals, extreme pressure values may propagate from the upper to the lower surface of the slabs.
• Instantaneous pressure differentials between the upper and lower surfaces of the slabs can reach high values.
• The resultant force stemming from the pressure differential may exceed the weight of the slab and the anchor resistance.
The equivalent thickness s of the slab (including the anchors' contribution, if present), is defined by Fiorotto and Rinaldo (1992a) where ⍀ = dimensionless coefficient related to the instantaneous spatial distribution of the pulsating pressure; and ϩ c p = positive and negative pressure coefficients; v 2 /2g = ki-Ϫ c p netic energy head of the incident flow (v = mean velocity of the incident flow); and ␥ and ␥ c = specific weights of water and concrete, respectively. The ⍀ coefficient depends on the ratio of the slab dimensions, l 1 and l 2 , the depth of the incident flow y, and the integral scales in the longitudinal and transversal directions, I 1 and I 2 . Because p(t) is a random stationary process [e.g., Vasiliev and Bukreyev (1967) ], it is convenient to use the pressure fluctuation pЈ(t) = p(t) Ϫ p relative to the mean pressure value p. The and are, respectively, the maximum and min- The design criterion based on (1) is correct when slab stability is ensured only by its weight. However, if a fraction of the uplift force is sustained by anchors, the dynamic behavior of the system (slabs ϩ anchors) must be taken in account. In this context, not only the intensity but also the temporal evolution of the pressure field at the bottom of hydraulic jump plays a relevant role.
The persistence time is defined as the time interval between an up-crossing and the next down-crossing of a given pressure level (Fig. 1) . In a previous analysis, Salandin and pЈ s Fiorotto (1993) assume that the probability density function of the persistence time is given by the Rayleigh probability density function (PDF) when the pressure level → ϱ. This pЈ s assumption is derived from a Gaussian distribution hypothesis on the fluctuating pressure (Cramér and Leadbetter 1967; Cox and Isham 1980) .
The aim of the present work is to examine the validity of the design criterion expressed as (1) for anchored slabs via experimental and theoretical analysis. To define the statistical parameters characterizing the stress in the anchored slab dynamic system, the persistence time and the maximum pressure are defined by numerical analysis of pressure data recorded in long-duration experimental tests.
The following sections of the paper summarize the theoretical and experimental aspects of stilling-basin pressure fluctuations. The results of statistical analysis are considered. In subsequent sections, the design criterion of the anchored slabs is reformulated, highlighting the limits of (1).
THEORETICAL FRAMEWORK AND EXPERIMENTAL RESULTS
Assuming the pressure fluctuations normally distributed and → ϱ, the PDF of the persistence time is the Rayleigh pЈ s PDF (Cramér and Leadbetter 1967) where ͗͘ represents the persistence time expectation. The value of ͗͘ can be evaluated from a representative set of data. An estimate can be obtained (Cramér and Leadbetter 1967) by means of
where p = standard deviation of the fluctuating pressure.
In (4), is the second derivative of the covariance func-C Љ(0) p tion of the pulsating pressures
A rigorous demonstration of (3) and (4), as reported by Cramér and Leadbetter (1967) , exceeds the aim of this paper. Appendix I presents a heuristic method of deduction developed by Rice (1958) . Values for are available in literature [e.g., Abdul Kader and Elango (1974) and Fiorotto and Rinaldo (1992b) ]. Alternatively, the microscale can be computed by 2 t 2 4
from a limited set of measurements, typically about 10 min of acquisition time (Fiorotto and Rinaldo 1992b) . To verify the assumptions leading to (3) and (4), a comprehensive set of experiments was performed in the hydraulic laboratory at Trieste University.
A rectangular flume 0.96 m wide, 1 m deep, and 6 m long was adopted (Fig. 2) . At the initial section a sliding gate was used to control the hydrodynamic characteristics of the flow at the beginning of the jump, while the position of the jump over the test area was controlled by a gate at the end of the channel. At the bottom of the basin, a series of pressure taps of diameter of 2 mm was provided along the center of the channel. The tap diameter was established based on studies by Fiorotto and Rinaldo (1992b) , which show that further increasing the tap diameter reduces the magnitude of the measured fluctuating pressure. This observation is due to the effect of spatial averaging of a small scale of turbulence, which reduces the variance of the signal, and also the magnitude of the maximum and minimum fluctuating pressure. The fluctuating pressure was measured by means of Transamerica Instruments BHL 4600B pressure transducers, calibrated in the range of 0-250 mbar. In the linear working range (25-225 mbar) the response time to a step input of amplitude 50 mbar was lower than the microscale time of the fluctuating pressures measured in previous experimental works (Fiorotto and Rinaldo 1992b) . The pressure transducers were connected to the taps by 0.5-m-long rigid tubes of 4 mm diameter. To prevent air entrapment, the pressure gauge chambers were filled by a syringe and connected while water was flowing in the rigid tubes from the pressure taps. The connections were equipped with a bleed valve to allow the removal of any air entrapped during the operation. The computer was linked to the transducers via a 16-channel analog-digital board (Data Translation 2801A). Sampling was accomplished by a Global Lab program. Since previous spectra analyses demonstrated that the dominant frequencies of pressure fluctuations were less than 25-30 Hz, a sampling rate of 100 Hz was adopted.
The upstream water depth used to compute the mean features (v 2 /2g, F, R, etc.) was measured carefully at the toe of the jump. The fluctuations at the toe made the definition of the initial section a difficult task. Furthermore, because of the small gate openings, cross-waves generated by the sides of the channel could not be completely suppressed. The error in Froude number of the incident flow, including the effects of discharge, depth, and channel geometry, is estimated to be at most 4%, while the error in the kinetic head is estimated to be at most 7%.
Care was taken to eliminate distortions of the transducer output, in particular the effects of entrapped air inside the tube and pressure transducers, vibration of the channel, and nonuniform distribution of the flow across the flume.
Three different hydrodynamic conditions were considered, corresponding to Froude numbers F = 6.4, 8.3, and 9.8. All the experimental parameters are reported in Table 1 . When the Froude number ranges between 5 and 10, the maximum fluctuating pressure occurs in the range 10 < ⌬x/y < 30, where ⌬x is the distance from the toe of the jump. The toe was localized to obtain the maximum pulsating pressure in the tap connected to pressure transducer 2. The taps connected to pres- sure transducers 1 and 3 are upstream and downstream of the pressure transducer 2, respectively. The acquisition time was set equal to 20 h to obtain a large enough number of up-crossing and down-crossing events for each pressure level to evaluate carefully the expectation ͗͘.
pЈ s During the experiments the jump was stable, that is, the jump toe position was fluctuating around a constant mean position. To check a posteriori this fact, the mean and variance of the measured pressure were computed based on a sample of 20 min, obtained dividing the 20 h acquisition time into 60 sets. The mean and variance computed for each set yielded a very small coefficient of variation, less than 2%, without any trend. are in agreement with previous results for undeveloped conditions of the incidence flow reported by Wilson and Turner (1972) and Toso and Bowers (1988) . The results indicate that the statistical moments depend on the position, so that the pressure field is not statistically homogeneous in the flow direction. By using a sampling frequency of 100 Hz, the persistence time between up-crossing and the next down-crossing ( Fig. 1) is detected with an error of about 1/100 s. This error has a greater effect for persistence time evaluation at increasing levels because decreases to the same order of magpЈ, s nitude of the sampling time. The accurate evaluation of for the highest pressure levels requires a higher acquisition frequency (about 10,000 Hz), which is troublesome due to limitations in computer storage and laboratory instrumentation. By the Fourier transform of the signal recorded at 100 Hz it is possible to compute the pulsating pressure value pЈ(t) at each time via
k k where = spectral component; k = wave number; and i = pЈ k Ϫ1.
͙
The 100 Hz sampling frequency satisfies the Nyquist criterion limiting the aliasing error, while the long acquisition time ensures a negligible truncation error (Bendat and Piersol 1971) . By (7) the persistence time was detected with an accuracy of 1/10,000 s, reaching a good balance between computational resources and solution accuracy. Fig. 3 (4), (5), and (7) are reported in parentheses.
a Expectation estimate was computed based on limited set of data.
numbers, and pressure levels when the set of data is stapЈ, s tistically representative.
The evaluation of ͗͘ by (4), (5), and (6) avoids the long acquisition time and the huge computational efforts needed to evaluate the expected value of the persistence time directly from the data by (7). Although the Rayleigh distribution with ͗͘ directly deduced from the data becomes close to the histogram, the approximate solution manifests more discrepancies. Table 3 reports the values of ͗͘ for each tap and pressure level by computing the mean of the data as processed by (7). The corresponding values obtained by (4), (5), and (6) are indicated in the brackets.
The values in Table 3 increase as ⌬x/y increases, which is in agreement with experimental data by other investigators. For example, Abdul Kader and Elango (1974) report = 7, 9, 19, 23 , and 36 ms for ⌬x/y = 5, 9.5, 13.5, 22, and 31, respectively (F = 5.9). According to (4) and (5), the persistence time is an increasing function of . This is in agreement with the experimental behavior from tap 2 to tap 3, but it disagrees with the experimental behavior from tap 1 and tap 2. Assuming that the instrumentation and data acquisition are adequate, this fact could be due to the non-Gaussian behavior of the pulsating pressure near the jump toe. Increasing the ⌬x/y values, the distribution tends to be Gaussian and the relationships (4) and (5) seem to give a correct interpretation of the experimental results.
From Figs. 4-12, the good agreement between the histograms and the Rayleigh density function characterized by the experimentally evaluated ͗͘ is manifest in all the cases. This fact implies that the normality assumption of pressure distribution (that gives the Rayleigh distribution for larger valpЈ s ues) is a suitable hypothesis.
When ͗͘ is estimated from the microscale , the disagreement with the Rayleigh distribution where ͗͘ is computed from experimental data becomes relevant as increases. pЈ s When = 3 p these discrepancies are limited, so that it is pЈ s possible to have an estimate of ͗͘ from (4), useful for practical purposes. When the pressure level reaches the values = 5 p pЈ s and = 8 p , the differences between the distributions are pЈ s significant.
Because does not depend on pressure level, this fact cannot be ascribed to the difficulties in the estimation of the microscale by (5), but it is probably due to the assumptions made to obtain (4) (Cramér and Leadbetter 1967) . From Table 3 it is apparent that as grows, the differences between the ͗͘ pЈ s values deduced from (4) and those evaluated from experimental data increase.
From the results reported in the same table, a factor useful to improve the ͗͘ values evaluated by the microscale can be deduced. As an example, the ratios between the ͗͘ values deduced by the two different approaches can be assumed as correction factors. When F = 9.8 they are 1.2 Ϭ 1.4, 1.5 Ϭ 1.8, and 1.8 Ϭ 2.1 for cases = 3, 5, and 8 p , respectively. pЈ s
DESIGN CRITERION FOR ANCHORED SLABS
From the experimental results illustrated in the previous section, the dimensionless time v /y can be obtained with reference to a prescribed probability value. The application to the real cases of the results presented herein can be made following the Froude law. The influence of the Reynolds number is difficult to evaluate, because in the model is R Х 10 5 and in the prototype is R Х 10 6 Ϭ 10 7 . Nevertheless the influence of the Reynolds number should be not relevant because the phenomenon is dominated by the dynamic of the large eddies, which are scaled according to the Froude law (Vasiliev and Bukreyev 1967) . The scale effects due to limitations of the laboratory channel are likely to be negligible due to the ratio between the channel width and the water depth. Assuming a pressure level 3 p < < 8 p , the persistence time in the real pЈ s case has a magnitude of 1/10 s.
In Fig. 13 the anchored slab system is sketched. The resultant uplift force is balanced by the sum of the concrete weight and the steel bars' resistance, so that, by setting = pЈ max (Toso and Bowers 1988) , the applica-
p p tion of (1) can be made according to
where s s = concrete thickness related to an arbitrary pressure level a = allowable tension in the steel bars; and A st = pЈ; s steel area per unit of slab surface.
From (8) it is easy to obtain
Eq. (8) is based on a static force balance, but to evaluate the real slab-anchor system behavior, the concrete slab inertia and the steel bar elastic properties can be taken in account in a dynamic analysis according to Newton law. In this manner one obtains (10) is limited to the elastic behavior of the system, and only to positive displacement z(t) > 0. Also, the effects related to the water and the elastic properties of the rock foundation are neglected in the computation, and the ⍀ coefficient is assumed constant during the transient.
Indicated with T, the persistence time of the uplift force, the pЈ(t) Ϫ behavior is assumed for safety's sake to be as pЈ s follows: (11) states that the pressure is equal to the maximum in the entire time interval T. The integration of (10), subject to the step function (11), gives
where
At the time t = the function z(t) reaches the maxi-
and the strength in the steel bars is
Setting A a = A st , the comparison between (9b) and (14) (12) it is easy to demonstrate that this happens when T = /(2 A).
͙
Our interest is in evaluating the probability that the stress exceeds the allowable value a for pressure values less than
From (14) and (15) The ratio between the number of symbols falling in the hatched area and the number of total symbols gives a measure of the joint probability that in the steel bars the tension exceeds the allowable value. Assuming that the time interval T, large enough to reach the a value, and the pЈ Ն ϩ are ( pЈ pЈ)/2 max s independent events (see the previous section), the joint probability is given by the products of marginal probabilities. The probability of the extreme values pЈ is given in Toso and Bowers (1988, Fig. 8) , while the probability functions of the persistence time F(Tv /y) are reported in Figs. 15, 16, and 17 for the Froude numbers F = 6.4, 8.3, and 9.8, respectively. In each figure the F(Tv /y) is plotted for the three different pressure levels 3, 5, and 8 p and taps 1, 2, and 3. From these graphs it is possible to define the probability that the persistence time exceeds a fixed value. In the figures the persistence time T of the uplift force is identified with the persistence time of the fluctuating pressure . This assumption is formally correct if the dimensions l 1 , l 2 of the slab are of the same order of the fluctuating pressure spatial integral scales I 1 , I 2 (Salandin and Fiorotto 1993) . From the graphs it is apparent that the probability decreases quickly as the persistence time T increases, and behaves differently depending on Froude number, pressure level, and tap position. Reducing the persistence time by one half, its probability can increase more than one order of magnitude. As an example, for F = 6.4, = 5 p , and tap 2, from Tv /y = 2 to pЈ s Tv /y = 1 the probability increases from 1 to about 35%.
For the purpose of illustration, the design of a stilling basin with anchored slab is analyzed. The inflow depth and the velocity are assumed equal to y = 0.7 m and v = 17 m/s. These values give a kinetic energy head v 2 /2g = 14.73 m and a Froude number F = 6.5. From Table 2 The solution of (1) with ⍀ = 0.3, ␥ c = 24 kN/m 3 , and ␥ = 9.8 kN/m 3 gives a slab thickness s = 4.3 m. The ⍀ value adopted was deduced from Bellin and Fiorotto (1995) assuming an overall safety coefficient equal to 1.5. For practical purposes it is suitable to reduce the slab thickness by use of anchors. If we adopt s s = 2.1 m, the corresponding fluctuating pressure level balancing the concrete weight per unit surface area of slab is Table  5 gives a steel bar area twice as large as that obtained with the equivalent concrete thickness criterion.
The stress in the anchors reaches the maximum allowable value a when t Ն The corresponding probability of / A. ͙ this occurrence and maximum elongation are reported in Table  5 for different equivalent lengths of the anchors.
In this case the anchor design must be based on the maximum slab displacement compatible with the structure safety.
From a statistical point of view, anchored structures designed according to the proposed criterion are more reliable than nonanchored slabs. In the latter case the failure occurs when pЈ > (marginal probability Table 5 , this value can reduce notably the risk of failure for the anchored slabs. This solution must accommodate the accompanying displacement of the slab, as previously cited.
CONCLUSIONS
The results of theoretical and experimental analyses lead to the following conclusions:
